A stress-corrosion-cracked Type 304 austenitic stainless steel was investigated by the Doppler broadening of annihilation radiation (DBAR) spectroscopy with a positron microbeam. Clear increase of S parameter was observed over 200-400 μm areas from the stress corrosion cracking (SCC) crack. From the comparison of the DBAR spectra obtained from the stress-corrosion-cracked sample and plastically deformed sample, the increase of S parameter around the SCC crack was attributed to plastic-deformation-induced vacancies.
Introduction
Stress corrosion cracking (SCC) is still a serious issue even in the low-carbon austenitic stainless steels which were developed as corrosion resistive materials for nuclear reactors. Recently, a hypothesis of the SCC crack propagation mediated by vacancies near the crack tip stress field is proposed [1] [2] . Vacancies in austenitic stainless steels start to migrate at 250 °C [3] [4] [5] where a boilingwater reactor is operated. Thus, it is conceivable that vacancies play an important role in the hightemperature water SCC crack propagation mechanism. However, the origin of such vacancies has not yet been fully elucidated. In this study, to investigate the vacancy formation during the SCC crack propagation, an SCC-cracked Type 304 austenitic stainless steel was probed by a positron microbeam.
Experiment
All the samples used in this study were prepared from Type 304 austenitic stainless steel foils or plates that were sensitized at 650 °C for 24 hours in vacuum. The sensitized state is defined as a reference. These samples were subjected to the SCC test and plastic deformation test. In the SCC test, a sample (5×10×0.03 mm 3 ) having a notch was attached to a tensile holder with a tensile stress of approximately 100 MPa and exposed into boiling MgCl 2 water for an accelerated corrosion. The SCC crack started to appear after the corrosion treatment for 6 hours. In the plastic deformation test, a sample with a gauge width of 1 mm, a gauge length of 0.85 mm and a thickness of 50 μm was plastically deformed with a tensile stress up to the nominal strain of 20 %.
The above samples were transferred into a positron microbeam apparatus [6] . The SCC-cracked and deformed samples were scanned by a 20 keV positron microbeam with a diameter of approximately 10 μm with a scanning step of 100 μm and 40 μm, respectively, and DBAR measurements were carried out using a high-purity Ge detector. Accumulated total counts at each measurement were approximately 10 4 . To monitor the presence of vacancy defects, the obtained DBAR spectra were characterized by S parameter, which is defined as the normalized peak intensity. All the S parameters were normalized to those obtained for the reference state. To identify the detected defect species, the shapes of DBAR spectra were investigated in detail comparing with theoretical calculation.
Calculation of DBAR spectra
To interpret experimental DBAR data, theoretical calculations were carried out within the local density approximation [7] . The valence electron wavefunctions were calculated with the projector augmented-wave (PAW) method [8] using the ABINIT4.6.4 code [9] . The potentials and projectors were generated using the ATOMPAW code [10] . 6 Cr and 3 Ni atoms with a 2×2×2 conventional fcc unit cell was constructed as an austenitic stainless steel. The cut-off energy of the plane wave basis set was 40 Ryd. The core electron wavefunctions were represented by the Slater function parameterized by Clementi and Roetti [11] . A self-consistent positron wavefunction was calculated based on the two-component density functional theory in order to minimize the energy functional [12] . The Borónski-Nieminen enhancement factor was adopted. The DBAR spectra were obtained by convoluting one-dimensional angular correlation of the annihilation radiation spectra obtained from the momentum density with the Gaussian resolution function having a half width of 3.92×10 -3 m 0 c.
Results and discussion
Figures 1(a) and 1(b) shows optical image and S parameter image, respectively, obtained from the SCC sample. It is seen that S parameter does not increased at the stress free region beside the initial notch. On the contrary, clear increase of S parameter is observed over 200-400 μm areas from the SCC crack. Figure 2 (a) and 2(b) shows optical microscope image and S parameter image, respectively, obtained from the deformed sample. The increase of average S parameter in the gauge areas was 2.9 % after the deformation. Figure 3 shows the experimental DBAR spectrum obtained from the deformed sample and the calculated DBAR spectrum for a monovacancy. To see the detailed spectrum shape, the original spectra were divided point-by-point by the experimental spectrum obtained from the undeformed sample and the calculated spectrum for the perfect lattice of a Type 304 austenitic stainless steel. The calculated spectrum is nicely reproduced the experimental one. Figure 4 shows the DBAR spectrum obtained from the gauge region of the deformed sample and near the crack region of the SCC sample. The original spectra were also divided by the reference spectrum. The DBAR spectrum of the SCC sample is in excellent agreement with that of the deformed sample.
The result shown in Fig. 1(b) suggests that lattice defects were formed near the crack due to the crack propagation. Plastic deformation is considered as an important factor giving rise to the change of S parameter near the crack due to the tensile stress concentrates on the crack tip. Thus, the DBAR spectrum of the deformed sample was measured in order to compare with that of the SCC sample. The spectrum shown in Fig. 3 indicates that the increase of S parameter brought by plastic deformation is caused by a formation of vacancy-type defects. The vacancy concentration introduced by plastic deformation may be given by
where η and n are constants and ε is the strain [13] . Assuming η=10 -2 and n=2, the vacancy concentration is approximately 4×10 -4 at ε=20 %. Previous theoretical calculation studies have revealed that positrons are not localized strongly in the pure dislocation and the jog, in addition the positron lifetimes for the pure dislocation and the jog are close to the perfect-lattice value [14, 15] . These perceptions imply that all implanted positrons are trapped at vacancy-type defects (e.g., vacancy-impurity complexes, small vacancy clusters or vacancies on the dislocation line). Similar DBAR spectra for the deformed sample and the SCC sample suggest that the plastic-deformationinduced vacancies are formed near the SCC crack. Such vacancies can migrate in the nuclear reactor operation temperature [3] [4] [5] . Therefore, it seems to be probable that vacancies migrate and accumulate in grain boundaries of crack tips driven by a stress gradient. The corrosion is another important factor in the SCC. It is also possible that the vacancies observed near the crack were introduced by corrosion. Thus, the effect of corrosion on vacancy formation remains as a matter to be discussed further.
Conclusion
In this study, an SCC-cracked Type 304 austenitic stainless steel was probed by a positron microbeam. It was found that lattice defects were formed over 200-400 μm areas from the SCC crack. From the comparison of the DBAR spectra obtained from the SCC sample and the deformed sample, it is concluded that plastic-deformation-induced vacancies are introduced near the SCC crack during crack propagation. Further studies are needed to evaluate the effect of corrosion on vacancy formation in a Type 304 austenitic stainless steel. 
